Abstract-A high-frequency (HF) ac linked universal converter is proposed for distributed generations interfacing three-phase ac with single-phase ac or dc. The primary and secondary of the HF isolation transformer are, respectively, formed by a threeto-single-phase matrix converter and a cyclo converter. Based on the operating principle, a general and simple to be implemented space vector modulation (SVM) is developed from that for the conventional indirect matrix converter and constantly operated virtual dual-active-bridge converter. Simulation studies carried out on different amplitudes and frequencies of single-phase ac output and dc output demonstrate effectiveness and simplicity of the proposed converter with the SVM solution.
I. INTRODUCTION
The rapidly increasing penetration of distributed generations (DGs) has created a growing demand for smarter energy management, where transformers are playing a crucial role [1] - [3] . The traditional line-frequency (LF) transformer operating at 50/60 Hz is bulky, expensive, and vulnerable to power quality issues, such as system disruptions and overvoltage. Growing interests are devoted to the highfrequency (HF) isolated transformer at tens of kilo Hertz, also called smart transformer. The high operating frequency enables dramatic reductions in transformer sizes and consequently in distribution system volumes and weights. The controllability offers voltage regulation, power factor correction, fault tolerance, etc., compared to the traditional LF transformer [4] - [6] .
The dual-active-bridge (DAB) converter-based smart transformer facilitates relatively easy incorporation of renewable energy sources and energy storage due to its lowvoltage dc link [7] - [10] . However, because of the dc link at high-voltage and low-voltage sides, large electrolytic capacitors required at the high-voltage dc link contradicts with compact volume [11] . Other studies have investigated the formation of an SST through back-to-back connection of single/three-to-single-phase matrix converters [12] - [16] . The direct ac-ac power conversion of this approach has great potential for achieving improvements in the form of increased lifetimes, space savings, and efficiency enhancements. However, it is difficult to interface with dc power sources/loads, such as energy storage batteries and Photovoltaic panels, due to lack of dc links [17] , [18] .
A HF ac distribution system was discussed for the threephase ac, single-phase ac, and dc DGs [19] . Different DGs were equiped with different power electronic interfaces. For instance, single-phase ac loads/sources was interfaced by modified cyclo converters, whereas dc loads/sources was equiped by unidirectional H-bridge converters. In addition, sinusoidal pulse width modulation (SPWM) was applied to all interfaces. Soft switching technique was also developed for the matrix converter and H-bridge converter-based HF isolated three-phase ac to dc conversion, based on SPWM [20] , [21] . The space vector modulation (SVM) and model predictive control were proposed for the three to three/singlephase matrix converters-based smart transformers [13] - [16] . Due to the coupled performance of primary and secondary sides, HF-ac linked converter needs to handle the voltage and current control of both sides, the power flow, the current commutation, and the leakage management. The SVM is a good choice in achieving those control goals owing to duty cycle-based concept. However, duty cycle combinations are complicated in SVM methods of existing isolated converters. This paper proposes a HF-ac linked universal converter, which interfaces the three-phase ac with single-phase ac or dc DGs bidirectionally. The three-phase side is a three-to-singlephase matrix converter and the other side obtains single-phase ac or dc voltage by the same cyclo converter. A HF-ac transformer links the two sides. There is no dc-link capacitors while supplying adjustable voltages for the single-phase ac or dc-based DGs. Furthermore, a simple to be implemented general SVM is coordinated for the matrix converter and the cyclo converter no matter single-phase ac or dc output. The paper is structured as follows: Section II introduces the proposed universal converter; Section III details the general SVM for the proposed converter; Section IV illustrates simulation studies; finally, Section V concludes the work. Fig. 1 shows the proposed universal converter interfacing three-phase ac and single-phase ac or dc DGs. The threephase-to-single-phase (TPSP) matrix converter and the cyclo converter are linked through an n1:n2 HF transformer. The matrix converter is with bidirectional power switches, named as Sij, i∈{u, v, w} for three phases and j∈{1, 2} for upper and lower bridges. The cyclo converter is with bidirectional switches Smj, m∈{a, b} for two phases. The three-phase ac power source at the primary side could be converted to supply single-phase ac/dc loads or to integrate single-phase ac/dc grid at the secondary side. Vise verse, the single-phase ac grid or dc grid at the secondary side could interface with the threephase power source/loads at the primary side. Fig . 2 shows the equivalent operating circuit of the proposed HF-ac linked universal converter, where a virtual DAB converter is coupled with the HF transformer. Denote the switches of DAB at the primary side and secondary side are, resepctively, S1~S4 and S5~S8.
II. PROPOSED UNIVERSAL CONVERTER
At the primary side, the matrix converter in Fig. 1 is equivalent to a current source rectifier with a virtual activebridge inverter. The three-phase input voltages uin{u,v,w} are rectified into a virtual dc voltage Vdc1, which is then choped to the HF ac voltage vp by the virtual active-bridge inverter. Denote the switches of the rectifier stage of the primary side in Fig. 2 as S'ij. The operation of primary TPSP matrix covnerter in Fig. 1 could be written as (1) Through the n1:n2 HF transformer, the vp is transferred to the secondary at vs. The secondary virtual active-bridge converter firstly recovers the HF ac voltage Vdc1 to Vdc2, then unfolds it to the single-phase ac or adjustable dc voltage by switches S'mj. Hence, the operation of secondary cyclo converter is equal to (2) III. GENERAL SVM OF PROPOSED UNIVERSAL CONVERTER Seen from the secondary side of equivalent operating circuit Fig. 2 and remove the virtual DAB converter, the circuit becomes a bidirectional indirect matrix converter (IMC) formed by rectifier stage switches S'ij and inversion stage switches S'mj, with a dc-link voltage at Vdc2. A general SVM is then proposed for the HF-ac linked universal converter in Fig.  1 , through the SVM of conventional IMC and HF chop of DAB converter. Accordingly, the method is categorized as two steps: 1) switching states selection and duty cycles calculation of rectifier and inversion stages as that of a conventional IMC, but with single-phase ac voltage output at the inversion stage; 2) duty cycles combination taking into account the HF-ac voltage chopping, current commutation, and leakage inductance management. The power flow from three-phase side to single-phase side is illustrated as an example, which can be inherited for a reverse power flow.
A. Switching States Selection and Duty Cycles Calculation
Referring to the SVM of a conventional IMC, Fig. 3 shows the current space vectors of the rectifier stage. There are nine current vectors, including six active vectors (I1~I6) and three zero vectors (I7~I9). The active vectors divide the space into six sectors I~VI. When falling into any sector, the reference current vector Iref are synthesized by the two adjacent active vectors and one of the zero vectors.
The duty cycles d11, d12, and d10 of the two active states and zero state are expressed as [22] (4) where M2 is the modulation index of the equivalent IMC inversion stage. 
B. Duty Cycles Combination
To control the primary current and secondary voltage simultaneously, the obtained duty cycles of rectifier and inversion stages are firstly combined to consider the current communication and leakage energy management. To achieve that, the secondary inversion stage should keep at zero state to drive the winding current to zero, while the primary rectifier stage works as normal to build up winding current. Therefore, the duty cycles of inversion stage in (4) are revised into (5) Through (1) and (2), the obtained switching signals S'ij and S'mj are coupled by the virtual DAB to produce those for the Sij and Smj, where the switching signals of the virtual DAB S1~S4 and S5~S8 have ,
They alternate in a constant 50% duty cycle, i.e., the virtual dc-link voltage Vdc1 is chopped to a square wave voltage Vp at the primary side and folded to a virtual dc-link voltage Vdc2 by the virtual DAB. Thereby, the calculated duty cycles in (3) and (5), and selected switching states in Tables I and II are Iz1  I8  I7  I9  I8  I7  I9  Ia  I6  I1  I2  I3  I4  I5  Ib  I1  I2  I3  I4  I5  I6  Iz2  I9  I8  I7  I9  I8  I7   Negative   Iz1  I9  I8  I7  I9  I8  I7  Ia  I4  I5  I6  I1  I2  I3  Ib  I3  I4  I5  I6  I1  I2  Iz2  I8  I7  I9  I8  I7  I9   TABLE II 
C. Voltage Gain Analysis
From the developed SVM, the average voltage of primary virtual dc link is [22] 
where Usm denotes the amplitude of three-phase voltage us and i denotes the power factor of three-phase side. With (4) and , the amplitude of single-phase voltage vo is obtained by (8) 
IV. SIMULATION INVESTIGATIONS
The proposed bidirectional universal converter of Fig. 1 is simulated with the general SVM. The power flow from threephase 400 V/50 Hz ac grid to single-phase 120 V/60 Hz ac load, 220 V/50 Hz ac load, and 400 V dc load are investigated, respectively, under the developed general SVM. Table III From (8), the n1:n2=1:1 is applied to the HF transformer; M1=0.8 and M2=0.82 are performed to the rectifier and inversion stages of the equivalent IMC; RL=5 Ω is applied to the single-phase ac load. Fig. 5 shows the three-phase input voltages of TPSP matrix converter, single-phase load voltage and current, and primary and secondary voltages and currents of the HF transformer.
From Fig. 5 (a) , it can be seen that the three-phase 400V/50 Hz ac voltage is converted to the single-phase 120V/60 Hz ac voltage through the HF-ac linked matrix converter and cyclo converter under the developed SVM. The load current is sinusoidal with low harmonics, which has the total harmonic distortion (THD) of 2.28%. From Fig. 5 (b) and (c), it can be seen that the primary and secondary voltage of HF transformer match the 1:1 turns ratio. Fig. 6 shows simulation results. From Fig. 6 (a) , it can be seen that the single-phase 220 V/50 Hz ac voltage is obtained, with low load harmonics that the current THD is 2.53%. From Fig. 6 (b) and (c), the primary and secondary voltages of the HF transformer match the turns ratio.
Case 3: 400 V dc output
The n1:n2=2:3 and RL=20 Ω are applied in the circuit, M2=0.75 is performed to the conversion stage of equivalent converter, to regulate the dc output voltage. From Fig. 7 , it can be seen that the 400 V dc voltage is obtained for the dc load, with the peak-to-peak ripple ratio within 5% of the average voltage. In addition, from Figs. 5-7, it can be seen that the proposed universal converter fulfills voltage amplitude and frequency conversion using the proposed general SVM. 
V. CONCLUSION
This paper proposed a HF-ac linked universal converter interfacing three-phase ac with single-phase ac/dc, by isolated matrix converter and cyclo converter. The primary matrix converter rectified the three-phase input voltages into a virtual dc voltage and then inverted it to a HF ac voltage. Transferred from the HF transformer, the secondary cyclo converter regained the virtual dc voltage, then inverted it to single-phase ac voltage or made it an adjustable dc voltage. Under the analyzed operation, a general SVM was developed by combination of SVM for conventional IMC and HF chopping. 
